The electrochemical properties of materials derived from NaTi 3 O 6 (OH)$2H 2 O have been investigated for the first time. The parent compound has a corrugated layered structure consisting of {Ti 6 O 14 } 4À units with hydrated sodium cations and protons in the interlayer spaces. Upon heating to 600 C, water is removed irreversibly, the interlayer distances become smaller, and connecting bonds between the octahedral layers form. It was found that this material can reversibly intercalate both lithium and sodium. The initial specific discharge capacities, as measured in half-cells, varied with the state of hydration and the nature of the counter electrode (Na or Li). The electrochemical potential showed a non-linear sloping dependence with degree of intercalation, indicative of a solid-solution mechanism of intercalation. The process was centered at a low average potential of about 0.3 V vs. Na or Li, the lowest ever reported for titanatebased Li hosts. The higher density and potential for higher rate capability of this compound, in comparison to carbonaceous materials with similar voltage and reversible capacities, make a compelling case for its development as an anode material, for both lithium and sodium ion batteries.
Introduction
Concerns over the long term environmental and economic effects of burning fossil fuels to power our highly technological society have driven scientists, engineers and policymakers to aim for a new infrastructure paradigm based on renewable energy sources that spans from mobility to manufacturing. Energy storage is at the core of this shi through electric drive vehicles and as part of an electrical grid that can respond to the uctuations that are inherent to wind or sun power. Lithium ion batteries, critical in the advent of our wireless society, have already been commercialized in several hybrid and fully electric cars. 1 However, their success has been limited due to their high cost on a dollars per kilowatt hour basis. Recently, researchers have turned their attention to Na-based technologies because of the higher availability and potential for lower cost of raw materials. 2, 3 At the core of enabling these technologies for such large scale applications is the need for active materials that are able to store large amounts of electrochemical energy in a highly reversible and safe manner.
The amount of energy that an active material can store is directly proportional to the moles of Li or Na that it can accept or deliver (i.e., specic capacity) and the voltage at which these redox reactions take place, which is, in turn, dependent on the mechanism. At the negative electrode (anode hereaer), using the elemental alkali metals would be highly desirable, but is ultimately hampered by the inability to strip and plate these metals in a safe and reversible manner, in the case of lithium, and by general safety concerns due to the high reactivity and low melting point of sodium. Alternatively, materials that react with an alkali metal through conversion 4 and alloying 5 mechanisms are intensely investigated for their very high specic capacity and, in some cases, low operating potential. However, they achieve such metrics at the expense of a severe atomic-level reorganization of the structure and huge volume changes that ultimately compromise durability and, subsequently, render them impractical. Alkali metals can also be introduced into a material through topotactic reactions based on intercalation. 6 These reactions involve more subtle structural changes than alloying or conversion reactions, and are thus more likely to lead to long-term stability in devices. Graphite is the anode of choice in commercial Li-ion devices, whereas hard carbons are the leading contenders for future Na-ion technologies. 7, 8 This choice is driven by the fact that they show the best combination of high capacity (300+ mA h g À1 ), durability, and a voltage of operation close to the alkali metal electrodes. However, improvements are sought in their power density, particularly since overpotentials due to ohmic losses in the electrode can lead to hazardous metal plating. The quest for alternatives that can compete with carbonaceous materials pushes the boundaries of our fundamental knowledge of the limits of intercalation reactions as applied to electrochemical energy storage. Ti-based oxides are an attractive alternative to carbon because they are denser and do not impose a cost penalty. Virtually all TiO 2 polymorphs and a variety of A x TiO 2+x/2 (where A ¼ Li, Na) compounds have been extensively studied for applications as Li-ion battery anodes, 9,10 and recent reports exist of their properties as Na + ion hosts. 11-13 A broad inspection of the literature reveals that they have the potential for high specic capacities (more than 300 mA h g À1 ) and extremely high power capability. 9,10 While Li intercalation has only been found to occur at potentials above 1.0 V vs. Li + /Li 0 , 9,14 introducing a considerable energy density penalty, Na can be inserted into Na 2 Ti 3 O 7 at $0.3 V vs. Na + /Na 0 ($0.6 V vs. Li + /Li 0 ). 15, 16 The electrochemical potential at which Na intercalates into a given host is predicted to be lower than for Li, 17 but such inherent differences were found to be between 0.18 and 0.57 V, suggesting that materials able to intercalate Li below 1.0 V vs. Li + /Li 0 should exist. In turn, the challenge for Ti-based oxides proposed as Na-ion anodes 12, 15, 16, 18 is to achieve the sustained cycling at high specic capacity that is now commonplace in Liion counterparts.
9,10 For instance, the capacity retention of Na 2 Ti 3 O 7 appears to vary with the cycling rate, particle size and cut-off voltage used. 16 The large dependence of these metrics on the intercalant indicates that they may not be inherent limitations, but the result of insufficient material screening and electrode engineering.
In many ternary alkali titanates, TiO 6 octahedra share corners and/or edges to form two-dimensional structures. The titanate layers are negatively charged, and positively charged species such as alkali metal cations (Li + , Na + , K + , Rb + , Cs + ) or protons (H + ) are located between the galleries. The nature of these intercalated cations, the synthesis conditions (i.e., temperature, humidity), structure, and surface properties of the octahedral layers (i.e., thickness of the layers, length of the bonds, presence of water and/or protons) tune the interlayer distance and properties of the layered titanate. 19 The versatility of the structural properties makes these materials ideal for a number of applications including ion-exchange, nuclear waste clean-up, and photocatalysis.
20-22
In this work, we report a new layered titanate phase, derived from the NaTi 3 O 6 (OH)$2H 2 O structure, that is capable of reversibly intercalating both Li and Na at very low potentials. The parent phase is, in fact, structurally identical to "sodium nonatitanate", [20] [21] [22] whose composition varies over the range Na 3+x Ti 9 . In this publication, we describe the structural changes during dehydration and report the results obtained with both the pristine and dehydrated materials in lithium and sodium half-cell congurations for the rst time.
Experimental
NaTi 3 O 6 (OH)$2H 2 O, also known as sodium nonatitanate (and designated NNT hereaer), was synthesized hydrothermally as previously described in the literature. 22 Deionized water (5 mL) was rst added to a 50 wt% NaOH solution (7.8 g, SigmaAldrich). Then titanium isopropoxide (6.25 g, purity 97%, Aldrich) was added rapidly to the solution while stirring. The white gel that formed in the beaker was mixed for about 10 were synthesized by solid-state reactions using stoichiometric amounts of TiO 2 (anatase, purity 99.7%, <25 nm, Sigma-Aldrich) and Na 2 CO 3 (purity 99.95+%, Aldrich). The mixtures were calcined at 800 C for 20 h, followed by grinding, mixing, pelletizing, and a second calcination at 800 C for 20 h.
X-ray diffraction (XRD) patterns were obtained with a Philips PW3040 X'Pert Pro Diffractometer using a Cu Ka (l ¼ 1.54056Å) source operated with a 45 keV X-ray tube voltage, and equipped with an X'celerator detector. Lattice parameters were determined by prole matching with constant scale factor (LeBail t) using the WinPLOTR/Fullprof suite. 23, 24 A high-temperature chamber (Anton Paar HTK 1200N) was used to observe the dependence of the XRD patterns with temperature. The chamber was heated at a rate of 20 C min À1 and scans were obtained aer keeping the sample for 1 hour at each temperature. Scanning electron microscopy (SEM) images were obtained using a JEOL JSM-7500F eld-emission microscope. Energy dispersive X-ray spectroscopy (EDS) data were collected using a Noran system S1X (Thermo Electron Corporation, model 6714A01SUS-SN) probe attached to the scanning electron microscope. Na 2 Ti 3 O 7 was used as a reference to calibrate the EDS for quantitative elemental analysis of the NNT samples. Thermogravimetric analysis (TGA) was performed with a SDT Q600 instrument under argon (gas ow 20 mL min À1 ), using a heating rate of 10 C min À1 . Raman spectra were collected with a Spex 1877 0.6m Triple Spectrometer equipped with a Princeton Instruments CCD detector and a Lexel 95 Ar + ion laser operating at 488 nm and 300 mW. Fourier transform infrared (FTIR) spectra were recorded in the range 400 to 4000 cm À1 using a Thermo Nicolet 6700 FTIR spectrometer. The powder samples were dispersed in KBr pellets for measurements in transmission mode under owing nitrogen gas. The electrochemical properties of the compounds were evaluated in two-electrode 2032 coin cells containing metallic sodium or lithium as the counter electrode. Sodium disks were made by extruding dry sodium sticks (Sigma-Aldrich) into thin foils and cutting to size. Commercial lithium foils (Alfa Aesar) were used as anodes in the lithium cells. Composite working electrodes were prepared by making a slurry of 70 wt% of sodium titanate, 25 wt% acetylene black (Denka, 50% compressed), and 5 wt% polyvinylidene diuoride (PVDF) (99.5+%, Aldrich) binder in N-methyl-2-pyrrolidinone (NMP). The active material and the acetylene black were rst mixed for 2 hours at 300 rpm in a planetary mill. The slurry was cast onto carbon coated aluminum foil (Exopack Advanced Coatings; http:// www.exopackadvancedcoatings.com/2010/02/conductives-currentcollector/) or on copper foil (Pred Materials) for sodium (SigmaAldrich) and lithium half-cells, respectively. The electrodes were dried rst in air and then under vacuum at 120 C for 12 h before being cut to size and weighed. The typical loading and thickness were 5 mg cm À2 and 60 mm, respectively. The electrolyte used for sodium cells was a solution of 1 M NaPF 6 (Sigma-Aldrich) in ethylene carbonate-dimethylene carbonate (EC : DMC) 3 : 7 mol (from Novolyte Technologies) made in-house, whereas commercially available 1 M LiPF 6 in EC-DMC 1 : 2 (Novolyte Technologies) was employed in lithium half-cells. Celgard 3401 separators were used in both cases. Galvanostatic cycling experiments and electrochemical impedance spectroscopy (EIS) at room temperature were carried out with a Bio-logic VMP3 potentiostat/galvanostat. The impedance spectra were obtained in the frequency range of 100 kHz to 50 mHz.
Results and discussion
The structure of NaTi 3 O 6 (OH)$2H 2 O (NNT) consists of edgeand corner-sharing TiO 6 octahedra that form corrugated layers of {Ti 6 O 14 } 4À units, between which hydrated Na + cations and protons (H + ) are located ( Fig. 1) . 25 Each Na + is coordinated to three water molecules, and H atoms are located on the least coordinated oxygen atoms at the steps. The structure bears some similarities to Na 2 Ti 3 O 7 , 26 which has a stepped layered structure with each unit consisting of three edge-sharing octahedra, {Ti 3 
, linked by corners. The NaTi 3 O 6 (OH)$2H 2 O structure is more open due to the thicker octahedral layers and the presence of interlayer water molecules, consistent with its good ion exchange properties. Fig. 2 shows the indexed experimental XRD pattern of the as-made material. The obtained lattice parameters (Table 1 ) are in good agreement with previously reported values. 25 The product of the hydrothermal reaction also contained a small amount (estimated at 1-2 vol%) of Na 3 (CO 3 )(HCO 3 )$2H 2 O (trona); a reection belonging to this phase is marked with an arrow in the gure. A Ti : Na ratio of 2 was found by EDS/SEM, similar to previous reports, 25 but lower than the expected value of 3 for NaTi 3 O 6 (OH)$2H 2 O. The deviations can be ascribed to the presence of the trona impurity and the possibility of Na + /H + exchange during the manipulation of the compound. This ratio has been shown to vary with synthesis and washing procedures, as well as environmental conditions such as humidity and temperature during storage. Comparison of the TGA data and XRD patterns collected upon heating the sample reveals a gradual and complex structural change and weight loss with temperature (Fig. 3 ). The initial step below 100 C can be ascribed to the departure of physisorbed water as no shi was observed in the (001) reec-tion of NNT. The second step above 150 C results in the doubling of the (001) reection, indicative of the appearance of a second layered phase with smaller interlayer spacing (Dd ¼ 8.33-7.33 ¼ 1Å). This suggests that the new phase has lower interlamellar water content than the pristine compound. It is likely that the apical water molecules, which are not shared between two adjacent sodium ions (light blue atoms in Fig. 1 ), and which form weaker bonds, are the rst to be released, followed by the molecules with stronger bonds (dark blue atoms in Fig. 1 ). 27 The dehydration causes a sharp drop in the relative intensity of the (À112) reection at about 2q ¼ 29. 7 . In the asmade material, this plane mainly contains the interlamellar water molecules and the sodium atoms connected to them (Fig. S1 †) . The atom density of this plane is reduced due to the loss of these molecules and the subsequent movement of the sodium ions into new positions, closer to the titanium-containing layers. At 600 C, the sample is completely dehydrated and consists primarily of one layered phase structurally related to the as-made NNT, as indicated by the single sharp (001) reection. The total weight loss corresponds to n ¼ 2-2.1 in the formula NaTi 3 O 6 (OH)$nH 2 O. When the temperature was raised above 600 C, there was a slight weight loss (<3 wt%) accompanied by decomposition of the NNT phase to a mixture of Na 2 Ti 6 O 13 and Na 2 Ti 3 O 7 . Dehydrated NNT samples (NNT annealed at 600 C for 2 hours) are stable at room temperature and do not take up interlamellar water upon exposure to the atmosphere. The morphology of the as-made NNT was maintained in the dehydrated sample (Fig. 4) ; both consisted of at ribbons about 100 nm wide and several microns in length. Fig. 5 shows the IR spectrum of the as-made and dehydrated NNT. The IR spectra of Na 2 as-made sample, small peaks can be observed at these frequencies. The sharp peak at 1460 cm À1 in the IR spectra of the dehydrated sample is attributable to the formation of new alkali-oxygen (Na-O) bonds.
28,29
Additional information on the structural changes that accompany the dehydration of NNT was obtained from Raman spectroscopy. Fig. 6 shows Raman spectra collected ex situ for samples annealed in the 100 to 900 C temperature range, and compared with data taken for Na 2 corresponds to oxygen atoms coordinated to one titanium atom at a distance of only 1.7Å (i.e., a step). In contrast, in the tunnel structure of Na 2 Ti 6 O 13 , every oxygen is bound to at least two Ti atoms at bond distances within the range of 1.9 to 2.3Å, 34 resulting in a broad peak at 876 cm À1 instead. 31 By analogy to the Na 2 Ti 3 O 7 spectrum, the peak at 888 cm À1 of the as-made NNT can be assigned to oxygen atoms coordinated to only one Ti; this oxygen is located at the steps where hydroxyl groups are found. These Ti-OH bonds (grey circles in Fig. 1 ) are 1.9Å in length.
25
The shortest bonds in the NNT structure, however, correspond to oxygen ions that bond to more than one Ti at lengths of 1.14-1.16 A. These very short bonds most likely give rise to the Raman peak at the highest frequency, 927 cm
À1
. There were signicant changes in the Raman bands upon heating (Fig. 6) . The spectra of the samples annealed above 700 C were a combination of those obtained on Na 2 Ti 6 O 13 and Na 2 Ti 3 O 7 , in agreement with the XRD data (Fig. 3) . Above 100 C, the removal of the structural water groups and condensation of the layered structure causes changes in the bond length and coordination number of the atoms. In samples heated at and above 300 C, the intensity of the peak at 888 cm À1 attributable to the Ti-OH bonds decreased. The peak at 927 cm À1 became narrower and more intense, while an overall blueshi is observed in those between 200 and 700 cm À1 , indicating decreases in the Ti-O bond distances. In addition, an intense peak appeared at 130 cm À1 . While this could be consistent with the formation of Ti-O-Ti bonds as in the tunnel structure Na 2 Ti 6 O 13 , the overall spectrum is clearly different. Instead, this can be assigned to the formation of a new Ti-O*-Na bond 35 (where O* refers to ions with a single bond to Ti at the steps of the as-made NNT structure) as a result of the displacement of the alkali ions closer to the TiO 6 layers following the desorption of water molecules. It is likely that hydrogen or sodium bridges (i.e., O*-H-O* or O*-Na-O*) subsequently formed pinch points that brought the TiO 6 octahedra closer than in the original compound, resulting in a pseudo-tunnel structure. The advent of the strong peak at 130 cm À1 supports the formation of more sodium bridging bonds 35 than hydrogen bridging bonds. The disappearance of the TiOH vibrational modes upon heating is also consistent with formation of hydrogen bridging bonds or ion exchange of Na for H, with thermal decomposition of the trona impurity as the likely source of the extra sodium. A suggested structure for the dehydrated NNT based on these observations is shown in Fig. 7 . A more rigorous phase determination using advanced TEM electron diffraction methods is underway and will be presented in a separate publication. (Fig. 8a) showed poor reversibility, with the specic capacity dropping below 50 mA h g À1 by the second cycle. Although the discharge prole was very similar to that of the as-made material (Fig. 8b) , the dehydrated sample displayed much better reversibility (125 mA h g À1 in the second cycle).
When cycled against Li metal, both materials displayed larger than expected initial discharge capacities of about 400 mA h g ( Fig. 8c and d) , which dropped to 150 mA h g À1 in the second cycle. The reversibility of both the as-made NNT and the dehydrated NNT in lithium cells was similar, in contrast to the behavior in sodium cells. The second cycle discharge capacities of the dehydrated NNT correspond to about 1.3 Na + and 1.6 Li + ions per formula unit of the active material. Galvanostatic experiments at lower rates provided insight into the mechanism of electrochemical reaction of the dehydrated NNT electrodes in sodium and lithium cells. Three voltage regions became apparent during discharge in the Na half-cell (Fig. 9a) . The corresponding derivative curve (Fig. 9b) exhibited two small and broad peaks at 0.9 V (labeled "I" in the gure) and 0.5 V (region II) vs. Na + /Na 0 and a larger one below 0.2 V (region III). The position of peak I is consistent with the irreversible decomposition of the electrolyte and formation of a solid lm at the surface of the electrode. 36 Peak II can be ascribed to the irreversible insertion of sodium into acetylene black based on the results of a blank electrode with no titanate (see Fig. S2 †) . These two signals became very weak on the rst charge and disappeared completely on the second cycle indicating that they correspond to irreversible processes. Aer the rst cycle, the discharge prole consisted of two sloping regions with a break at 0.2 V vs. Na + /Na 0 , both of which can be attributed to the insertion of sodium between the titanate layers. These processes are at least partially reversible over this voltage range. The potentials at which sodium ions insert into NNT are unusually low, as with Na 2 Ti 3 O 7 ,
15 but the voltage prole is more consistent with a solid solution mechanism rather than one that is two-phase.
The voltage prole and derivative curve of dehydrated NNT in a Li half-cell at low discharge rates are also shown in Fig. 9c and d. Features attributable to SEI formation and insertion of Li into acetylene black are less clearly delineated in the dQ/dV plot of the lithium cell than in the sodium cell; instead one rather broad peak with smaller peaks superimposed on it is observed. This suggests that there are multiple sites for lithium insertion and that they overlap with the SEI formation and irreversible insertion of lithium into the acetylene black. Fig. 10 depicts the evolution of the capacity values of the Na and Li half-cells shown in Fig. 8 upon extended cycling. For the as-made NNT, the initial Coulombic efficiency was very low in both lithium and sodium half-cells. However, while the capacity of the sodium cell dropped to negligible values by the h cycle, it stabilized at above 100 mA h g À1 aer 20 cycles in the case of lithium. The irreversibility of the as-made NNT in both cases is likely due, at least in part, to electrochemical and chemical processes in the cell associated with free water that may deintercalate from NNT during cycling and reduce to H 2 at the very low potentials reached in the experiment. Side reactions such as irreversible intercalation of lithium or sodium ions into the carbon black additives and reduction of the electrolytic solution to form a solid electrolyte interface also contributed to the irreversibility in the rst cycle. However, the much worse behavior of the as-made NNT in sodium cells suggests that additional factors are at play. The larger size of sodium ions compared to lithium may induce larger volume changes during insertion processes, leading to exfoliation or disconnection and isolation of particles and concomitant loss of capacity. In contrast, the cycling behavior of dehydrated NNT was signicantly better than that of the as-made material. The Na and Li half-cells sustained capacities above 100 mA h g À1 and 120 mA h g À1 for 20
cycles, respectively, with larger initial Coulombic efficiencies. Electrochemical impedance spectra were recorded aer each discharge to 0.1 V and each charge to 1.5 V for three types of cells; sodium cells containing the as-made NNT and dehydrated NNT, and lithium cells containing the as-made NNT. The Nyquist plots (Fig. S3 †) were tted using an equivalent circuit with three components (R1, (R2kQ2), and (R3kQ3)). By analogy to Li-ion cells, 36 R1 was assumed to be the ohmic resistance of the electrode, electrolyte, separator, and connections in the cell. The rst semicircle at high frequencies (R2) is associated with the reaction layer that forms on the alkali metal anode in contact with the electrolytic solution. 37 These two values (R1 and R2) changed very little for the three types of cells during cycling, aer both charging and discharging (Fig. 11) . In contrast, the value for the second semicircle (R3) in the spectrum of the asmade NNT electrode in a sodium cell increased 5-10 fold upon cycling, but remained relatively stable for the other two cells. This semicircle has been associated with the conducting properties of the electrode (the ionic/electronic conductivity of the electrode) and/or charge transfer through the electrode-electrolyte interface.
36 Therefore, the signicant increase for the asmade NNT/Na cell upon cycling is suggestive of a deterioration of the composite electrode, which could be due to exfoliation or expansion of the layered structure resulting in disconnection of particles and loss of capacity, as posited above.
There are multiple features that make NNT, particularly in its dehydrated form, into a compelling new choice as an electrode for both Na-and Li-ion batteries. . By pairing the same cathode with a 0.3 V anode of 120 mA h g À1 capacity, the theoretical specic energy is increased to 160 W h kg
. If the full theoretical capacity of 300 mA h g À1 for the NNT electrode could be cycled, the system theoretical specic energy would be increased to 230 W h kg À1 .
Layered sodium titanates also have volumetric advantages compared to anodes based on carbonaceous materials, due to their higher densities (2.5-3.5 g cm À3 compared to 1.5-2.25 g cm
À3
)
. If the full capacity of the dehydrated NNT could be made to cycle in a lithium ion conguration using an NMC (LiNi 1/3 Mn 1/3 Co 1/3 O 2 ) cathode, the theoretical energy density would rise to 1490 W h L
À1
from 1400 W h L À1 calculated for the same system using a conventional graphite anode (assuming a density of 3.5 g cm
À3
for the dehydrated NNT compared to 2.25 g cm À3 for graphite).
The largely sloping voltage proles of the NNT electrodes in Na and Li half-cells are indicative of a solid solution mechanism of alkali metal insertion over a wide composition range. Such behavior is in stark contrast with the trends for all other binary and ternary titanium oxides (e.g. TiO 2 , Li x TiO 2+x/2 , Na 2 Ti 3 O 7 , Na 2 Ti 6 O 13 ) known to accommodate these ions, which show signicant compositional domains of rst order transitions. 12, 15, [41] [42] [43] 46 In terms of the durability of the electrode, this behavior can have a potentially signicant benecial impact because mechanical strain can build up at the phase boundaries that form during the transition between two phases, particularly when anisotropic volume changes exist between them. 47 As a result, materials undergoing solid solution processes are more likely to be mechanically stable during sustained cycling. Therefore, improvements in electrode utilization, which bring the specic capacity closer to the theoretical values, and capacity retention, particularly between the rst and second cycles, could be envisaged through judicious electrode and materials engineering. For example, because diffusion of sodium is presumably anisotropic in this layered material, it would help to decrease the length of the ribbons, whose long axes are oriented along the 100 direction. 25 This modication would reduce the risk of over-reduction of particles during discharge, which should improve the reversibility, as well as allow less carbon to be used in the electrode, 48 decreasing one source of the rst cycle irreversibility. The use of a carbon additive with lower surface area than that of acetylene black should also help improve efficiencies. 49 The use of SEI forming additives like uoroethylene carbonate as has been used successfully in a recent publication 50 and optimization of the electrolytic solution should also help reduce the rst cycle irreversibility, as would ensuring the effective removal of all protonated species. In particular, it has recently been found that DMC-based electrolytic solutions result in higher coulombic inefficiencies than mixtures of ethylene carbonate (EC) and propylene carbonate (PC) used in dual sodium intercalation systems with carbon anodes. 51 Large volume changes, which may result in particle disconnection and isolation, can be ameliorated by using more compliant binders, as has been done recently for silicon anodes with success. [52] [53] [54] Although volume changes associated with intercalation reactions are generally much smaller than those of conversion or alloying reactions, sodium insertion reactions are expected to have a bigger effect on host structures than the corresponding lithium insertion reactions because of the larger size of the former. Because of the signicant progress made by the research community in engineering TiO 2 electrode materials so that they can deliver sustained capacities above 200 mA h g À1 at very high cycling rates, 46, [55] [56] [57] it is realistic to expect that room for improvement still exists with NNT by applying the lessons learned in this process. To optimize these electrodes correctly, however, more information is needed about the sodium and lithium insertion processes into NNT electrodes and the volume or structural changes that occur. We are currently carrying out in situ XRD and XAS experiments to improve our understanding, as well as exploring the use of other binders; these results will be published in the near future.
Conclusions
The layered structure NaTi 3 O 6 (OH)$2H 2 O, also known as sodium nonatitanate (NNT), and its dehydrated form have been shown, for the rst time, to undergo reductive alkali metal intercalation reactions in lithium and sodium half-cells at very low voltages. These low potentials have no precedent in the literature of intercalation hosts for lithium based on titanates. They also indicate that the large apparent voltage shi for electrochemical insertion of Na with respect to Li reported for these materials is not inherent to the nature of the intercalant, thus providing new insight into the fundamentals of these technologically relevant reactions. The high theoretical capacity, low insertion potentials, and solid solution intercalation mechanism of the dehydrated material have important implications for the development of high energy density dual intercalation systems based on either sodium or lithium. They provide a compelling rationale for further development of the dehydrated NNT as an anode material for sodium ion and lithium ion batteries. To this end, several strategies are suggested for improving the reversibility of the intercalation processes of this material in order to realize the full extent of the high energy density.
